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xanthine dehydrogenase to promote purine salvage
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Summary
The gene encoding Streptomyces coelicolor xanthine
dehydrogenase regulator (XdhR) is divergently oriented from xdhABC, which encodes xanthine dehydrogenase (Xdh). Xdh is required for purine salvage
pathways. XdhR was previously shown to repress
xdhABC expression. We show that XdhR binds the
xdhABC–xdhR intergenic region with high affinity
(Kd  0.5 nM). DNaseI footprinting reveals that this
complex formation corresponds to XdhR binding the
xdhR gene promoter at two adjacent sites; at higher
protein concentrations, protection expands to a
region that overlaps the transcriptional and translational start sites of xdhABC. While substrates for Xdh
have little effect on DNA binding, GTP and ppGpp
dissociate the DNA–XdhR complex. Progression of
cells to stationary phase, a condition associated with
increased (p)ppGpp production, leads to elevated
xdhB expression; in contrast, inhibition of Xdh by
allopurinol results in xdhB repression. We propose
that XdhR is a direct target of (p)ppGpp, and that
expression of xdhABC is upregulated during the
stringent response to promote purine salvage pathways, maintain GTP homeostasis and ensure continued (p)ppGpp synthesis. During exponential phase
growth, basal levels of xdhABC expression may be
achieved by GTP serving as a lower-affinity XdhR
ligand.
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Introduction
Streptomyces coelicolor is a Gram positive bacterium
belonging to the phylum actinobacteria. It responds to
nutritional and environmental stresses in the soil by a
complex morphological differentiation, changing its life
cycle from mycelial to sporulating morphology. Streptomycetes are known for their abundant production of secondary metabolites, some of which are antibiotics or
other pharmaceutically active compounds. The production of secondary metabolites is generally linked to nutrient limitation and morphological differentiation, and the
phosphorylated nucleosides guanosine 50 -triphosphate30 -diphosphate (pppGpp) and guanosine 50 -diphosphate30 -diphosphate (ppGpp) commonly referred to as
(p)ppGpp have been implicated in these processes. For
example, production of the antibiotic streptomycin in
Streptomyces griseus is decreased in a mutant strain
that is defective in synthesis of (p)ppGpp (Ochi, 1987).
Similarly, an inability of S. coelicolor to produce
(p)ppGpp resulted in a strain that is deficient in production of the antibiotic actinorhodin, along with a delayed
onset of morphological differentiation (Chakraburtty and
Bibb, 1997; Kang et al., 1998; Ryu et al., 2007).
The alarmone (p)ppGpp is a global regulator of gene
expression in bacteria. The synthesis of (p)ppGpp by
paralogous enzymes RelA and SpoT occurs as a result
of amino acid, carbon, fatty acid, phosphate or iron limitation to initiate the stringent response. Under amino
acid starvation, uncharged tRNA entering the ribosomal
A site hinders translation, which initiates the synthesis
of (p)ppGpp by RelA, whereas SpoT is reported to be
activated by other starvation conditions in a ribosomeindependent manner (Potrykus and Cashel, 2008; Wu
and Xie, 2009). In S. coelicolor, RelA and RshA (named
for RelA/SpoT homology) participate in (p)ppGpp production under amino acid/glucose starvation and phosphate starvation respectively (Ryu et al., 2007). In Gram
negative bacteria, (p)ppGpp binds to the b subunit of
RNA polymerase in concert with DksA to negatively regulate transcription (Ross et al., 2013). In addition,
(p)ppGpp positively regulates certain genes such as
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genes encoding alternative sigma factors and proteins
involved in stress responses (Magnusson et al., 2005;
Haugen et al., 2008; Traxler et al., 2011). In Gram positive species, (p)ppGpp appears to act indirectly by controlling cellular GTP levels (Geiger et al., 2012; Kriel
et al., 2012; Gaca et al., 2013). The stringent response
involves global changes in gene expression that allow
cells to utilize scarce resources more efficiently while
down-regulating genes generally associated with growth.
Because (p)ppGpp also plays a central role in coupling
metabolism to virulence, bacteria exert careful control
over the activity of enzymes involved in (p)ppGpp
metabolism, and inactivation of these enzymes has
been shown to reduce virulence of pathogenic species
(Taylor et al., 2002; Bowden et al., 2013).
There is evidence to suggest that purine salvage
pathways are required for (p)ppGpp production. In Listeria monocytogenes, both relA and hpt mutants fail to
produce (p)ppGpp and mutant strains become avirulent
in mice. The hpt gene encodes hypoxanthine guanine
phosphoribosyl transferase (Hgprt), which functions in
purine salvage pathways, for example, by converting
guanine to GMP (Fig. 1A). The inability of the hpt
mutant to synthesize (p)ppGpp therefore suggests that
purine salvage is required to generate sufficient GDP
and GTP, the substrates for (p)ppGpp synthetases (Taylor et al., 2002). Hgprt also participates in salvage of
adenine nucleotides by converting hypoxanthine to IMP;
(p)ppGpp synthetases transfer pyrophosphate from ATP
to either GDP or GTP, thus (p)ppGpp production also
occurs at the expense of ATP.

Salvage of purine bases or nucleosides deriving from
cellular turnover involves the conversion of guanosine to
guanine, which is then converted to GMP, either directly
or via a xanthine intermediate. Adenosine is converted
to hypoxanthine, either via adenine or inosine. Purine
nucleobases are then converted to the corresponding
mononucleotides by Hgprt. The final step in purine salvage is the conversion of hypoxanthine to xanthine by
xanthine dehydrogenase (Xdh); Xdh also oxidizes xanthine to urate, thereby diverting purines away from salvage pathways (Xi et al., 2000). Notably, Xdh biases
purine salvage pathways towards the formation of guanine nucleotides. Consistent with a role for Xdh in GTP
synthesis, up-regulation of the gene encoding Xdh has
been reported as part of the stringent response; in the
nitrogen-fixing bacterium Sinorhizhobium meliloti, the
gene encoding Xdh is one of a few that are upregulated in response to starvation (Krol and Becker,
2011). Also, the transcript level of xdh is increased during morphological differentiation in surface-grown S.
coelicolor (Hillerich and Westpheling, 2008). Such
observations further reinforce the requirement for a
functional purine salvage pathway during the stringent
response.
Mechanisms by which xdh is regulated largely remain
unclear. The only clue derives from the observation that a
gene encoding a member of the TetR family of transcriptional regulators is encoded divergently from the xdhABC
gene cluster in S. coelicolor (Fig. 1B). The xdhABC gene
cluster encodes a functional Xdh (Hillerich and Westpheling, 2008), annotated as a molybdenum-containing
Fig. 1. Xdh participates in purine
salvage.
A. Outline of steps in the purine salvage
pathway. Xdh converts hypoxanthine to
xanthine and xanthine to urate.
Conversions reflect enzymes identified in
the S. coelicolor genome, as reflected in
the KEGG pathway database
(http://www.genome.jp/kegg/pathway.
html) and by examination of the genome
annotation. For clarity, not all
intermediates and conversion steps are
indicated (e.g., ADP and GDP are
omitted, and IMP may be converted to
GMP via XMP). Hgprt (encoded by
SCO3405) is predicted to produce
nucleoside monophosphates IMP, XMP
and GMP. Urate is ultimately degraded
to NH3 and CO2. The alarmone pppGpp
is produced from GTP (and ATP),
whereas ppGpp is likely produced either
from GDP or from pppGpp.
B. Divergent gene orientation of the
xdhR gene and the xdhABC gene
cluster with the palindromes (bold and
underlined) in the intergenic DNA.

C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
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oxidoreductase composed of a molybdopterin-binding
subunit (XdhC), an FAD-binding subunit (XdhB), and
XdhA, which binds a 2Fe–2S cluster. The transcription
factor, named XdhR for xanthine dehydrogenase regulator, represses both xdhABC and xdhR expression as evidenced by elevated and constitutive xdhA and xdhR
expression in an xdhRD strain [with the downstream part
of xdhR disrupted while allowing detection of expression
of the 50 -end of the residual transcript (Hillerich and Westpheling, 2008)]. TetR family proteins participate in various
functions of the cell including multidrug resistance, biosynthesis of antibiotics, establishing pathogenicity and
catabolic pathways (Ramos et al., 2005; Cuthbertson and
Nodwell, 2013). They typically function as repressors,
with induction of gene expression observed on binding of
a specific ligand. The ligand for XdhR (the inducer of the
xdhABC gene cluster) was not identified. We show here
that S. coelicolor XdhR responds directly to ppGpp and
GTP by attenuated DNA-binding in vitro and that xdhABC
expression is repressed when Xdh is inhibited. We propose that XdhR is a direct target for (p)ppGpp and GTP,
with (p)ppGpp eliciting up-regulation of xdhABC expression in stationary phase to optimize purine salvage pathways and ensure that sufficient GTP concentrations exist
for synthesis of (p)ppGpp, which in turn maintains GTP
homeostasis.

Results
Divergent orientation of xdhR and the xdhABC
gene cluster
The S. coelicolor xdhABC gene cluster (SCO1132-1134)
is divergently oriented from the xdhR gene (SCO1135)
(Fig. 1B). The intergenic region between these genes is
188 bp from the start codon of xdhA to the start codon
of xdhR. This intergenic region has two imperfect palindromes, which are potential binding sites for XdhR (Fig.
1B); the site in the xdhR promoter consists of 9 bp halfsites of which seven base pairs are conserved in each
half-site. The site in the xdhABC promoter is more divergent, conserving five base pairs in each half-site. Both
palindromes overlap the respective 235 promoter elements identified based on mapping of transcriptional
start sites (Hillerich and Westpheling, 2008), consistent
with serving as the cognate sites for a transcriptional
repressor.

Oligomerisation of XdhR
The gene encoding XdhR was cloned from S. coelicolor
genomic DNA and the protein was expressed in Escherichia coli with an N-terminal His6-tag. XdhR was puriC 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
V

fied to apparent homogeneity (Fig. 2A). TetR family
transcription factors usually exist as dimers in absence
of DNA, and gel filtration chromatography was performed to determine oligomeric state. XdhR consistently
eluted between bovine serum albumin (BSA; 66 kDa)
and alcohol dehydrogenase (150 kDa), with an estimated molecular weight 90 kDa corresponding to a
tetramer (Fig. 2B); under these conditions, a dimer (46
kDa, including the His6-tag) would be expected to elute
later than BSA at an elution volume of 16.5 ml. Incubation of XdhR with DNA containing the identified palindromic sequence in the xdhR promoter also did not
result in XdhR eluting at a molecular weight corresponding to the dimer (supporting information Fig. S1A). A
stable tetrameric assembly in absence of DNA is
unusual and has only been reported for Pseudomonas
aeruginosa MexL, which regulates expression of the
mexJK efflux pump (Chuanchuen et al., 2005). Far-UV
circular dichroism (CD) spectroscopy showed that the
secondary structure composition of XdhR is about 57%
a-helix, 11% b-sheet and 33% random coil (Fig. 2D),
with the secondary structure composition estimated
using DichroWeb (Whitmore and Wallace, 2004, 2008).
By comparison, the structures of TetR proteins, for
example Staphylococcus aureus QacR, reveals largely
(75%) a-helical content (Schumacher et al., 2002); CD
spectroscopy may underestimate helical content, as
illustrated by the 60% helical content of QacR estimated by this method (Hoffmann et al., 2005). Thermal
stability of XdhR was analysed using Sypro Orange dye
as a reporter of protein unfolding. XdhR unfolding followed a two-state model with no evidence of an unfolding intermediate, and XdhR had a Tm of 46.2 6 0.1 (Fig.
2C). These data indicate that XdhR exists as a stable
tetramer in solution in absence of DNA at physiologically
relevant temperatures.
TetR family transcription factors consist of a conserved helix-turn-helix DNA-binding motif at the Nterminus and a C-terminal domain whose sequence is
not conserved, likely reflecting the need to respond to
different types of signalling molecules [for review, see
Ramos et al. (2005)]. Despite the lack of sequence conservation, structural conservation is observed, and TetR
proteins exist as a-helical homodimers that adopt an Xshaped structure in which a1–a3 of each monomer form
the DNA-binding domain and a4 connects this domain
to the regulatory domain that is responsible for dimerisation and ligand binding. The tetrameric XdhR assembly
therefore likely represents a dimer of dimers (we will
refer to subunits within one dimer as a cis-dimer). Modelling of XdhR was performed using SwissModel and
template 2Q24 (41% identity to XdhR; template
selected based on the highest sequence identity), which
is a TetR protein of unknown function encoded by
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Fig. 2. Characterisation of S. coelicolor XdhR.
A. SDS–PAGE showing purified His6-tagged XdhR and dimerisation of XdhR upon addition of H2O2, cumene hydroperoxide (CHP) and tertbutyl hydroperoxide (TBH).
B. Molecular weight of XdhR (arrow) identified by gel filtration with elution volume of standards plotted against log10 molecular weight.
Standard curve was generated using Sigma gel filtration standards.
C. Thermal melting curve of XdhR, using Sypro Orange as a fluorescent reporter of protein unfolding. D. Far UV-CD spectrum of XdhR.

S. coelicolor (SCO0520) (Filippova et al., 2011) (Fig. 3).
While this model reflects the conserved X shape, an
unusual feature of the template is the significant distance between conserved tyrosine residues in the DNA

recognition helices (63 Å between Ca carbons). As this
distance far exceeds the 34 Å between adjacent DNA
major grooves, this conformation may more closely
reflect the ligand-bound form that is incompatible with

Fig. 3. Structure-based model of ScXdhR.
A. Model created using SwissModel in automated mode using 2Q24 as the template. Each monomer is coloured from the N-terminus (blue) to
the C-terminus (red). Each monomer contains a single cysteine at the end of helix one (stick representation highlighted by arrows), placing
cysteines in a dimer on opposite faces of the protein (for the monomer on the left, the cysteine is in front; for the monomer on the right, the
cysteine faces the back). Conserved tyrosine residues in the DNA recognition helices are shown in stick representation.
B. Electrostatic surface potential estimated using PyMol. Positive electrostatic potential (blue), negative (red) and neutral (white).
C. Possible assembly of XdhR tetramer. Each monomer is coloured as in (A) and the dimer is shown in space-filling representation, viewed from the
top (rotated 908) with the DNA-binding face in the back; in this representation, cysteine residues are in the back, obscured from view. As two dimers
are off-set relative to each other, they would not be expected to bind side-by-side to the same DNA duplex. Colours shown online.
C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
V
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Fig. 4. Affinity and specificity of XdhR binding to the xdhR–xdhABC intergenic DNA.
A. EMSA showing binding of XdhR to intergenic DNA (50 pM) with increasing concentrations of XdhR from lanes 2 to 13 (0.1 pM, 1.0 pM, 2.5
pM, 5.0 pM, 7.5 pM, 10 pM, 50 pM, 100 pM, 0.5 nM, 1.0 nM, 10.0 nM and 20.0 nM respectively).
B. Nonspecific plasmid DNA was added to the XdhR–DNA complex in increasing concentrations from lanes 6–13 (0.01 nM, 0.05 nM, 0.1 nM,
0.2 nM, 100 nM and 200 nM respectively) and specific unlabelled 152 bp DNA was added to reactions in lanes from 5 to 1 in increasing
concentrations (15 pM, 150 pM, 1.5 nM, 15 nM, 30 nM and 45 nM respectively). Each reaction contained 50 pM intergenic DNA and 0.2 nM
XdhR.
C. Percent complex formation plotted as a function of XdhR concentration; fits of the data to the Hill equation yielded Kd 5 0.5 6 0.2 nM and
nH 5 0.7 6 0.1.

DNA binding. Modelling XdhR on E. coli TetR (31%
sequence identity) reflected an altered dimer interface
and ligand-binding domain, but equivalent conformation
of DNA-binding domains (data not shown).
Each XdhR monomer contains a single cysteine, predicted to be located at the end of helix one (regardless
of which template is used for XdhR modelling), thus
placing the cysteines from each monomer in a cis-dimer
far apart and on opposite faces of the protein dimer
(Fig. 3A). XdhR (23 kDa monomer, including the His6tag) was seen to form dimeric species upon addition of
oxidants H2O2, cumene hydroperoxide and tertiary-butyl
hydroperoxide (Fig. 2A). This dimerisation was reversed
upon addition of DTT or b-mercaptoethanol (data not
shown). Incubation of XdhR with DNA containing the
palindromic sequences in the xdhR promoter did not
prevent disulphide-bond formation (supporting information Fig. S1B). Based on the predicted location of cysteine residues, we infer that the observed dimeric species
reflects formation of a trans-dimer between subunits in
adjacent cis-dimers. Thus, disulphide bond formation
between XdhR monomers supports the tetrameric
assembly identified based on gel filtration analyses. A
possible association of XdhR dimers in which cysteine
residues from subunits in trans-dimers are in close
apposition is shown in Fig. 3C.
Each XdhR subunit contains seven lysines, of which
only one is predicted to be near the dimer interface and
five are in the DNA-binding lobe. Incubation of XdhR
with glutaraldehyde, which crosslinks lysine residues,
revealed modest reactivity, but formation of dimeric species was observed (supporting information Fig. S2). The
C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
V

observed crosslinking is consistent with oligomeric
assembly of XdhR.

XdhR binds specifically to the intergenic region between
xdhR and xdhABC
XdhR was previously shown to bind the xdhABC–xdhR
intergenic region (Hillerich and Westpheling, 2008). Further analysis of this interaction based on electrophoretic
mobility shift assays (EMSAs) revealed that XdhR bound
to this DNA with high affinity, apparent Kd 5 0.5 6 0.2 nM,
forming two discrete complexes (Fig. 4A). This would be
consistent with the presence of two palindromes in the
intergenic region that may serve as cognate sites for
XdhR. Fits of the data to the Hill equation yielded a Hill
coefficient nH 5 0.7 6 0.1, indicating modest negative cooperativity (Fig. 4A and C); negative co-operativity is
somewhat surprising, however, if the observed complexes
correspond to XdhR binding to cognate sites that are far
apart. The binding of XdhR to the intergenic DNA
remained unaffected by the addition of nonspecific DNA,
indicating that both complexes reflect specific binding; in
contrast, addition of specific unlabelled intergenic DNA
effectively reduced complex formation (Fig. 4B). This
shows that XdhR specifically binds the intergenic DNA
between xdhR and xdhABC.
DNaseI footprinting was performed to identify the
XdhR sites. A DNA fragment representing intergenic
DNA between the xdhA gene and the xdhR gene as
well as part of each coding sequence was amplified
using a primer that introduces 6-FAM at the 50 -end of
the top strand (the xdhR coding strand; 271 bp). An
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Fig. 5. XdhR protects several sites in the xdhA–xdhR intergenic DNA.
A–C. Electropherogram traces of DNaseI digestion of fluorescently labelled DNA without protein (blue/darker) overlaid with those of DNA
incubated with XdhR (red/lighter). (A) 0.14 mM XdhR. The region encompassing sites in the xdhR promoter is shown, with the identified
palindromes marked in red. (B) 0.29 mM XdhR. The region encompassing sites in the xdhR promoter is shown; the inset shows the entire
intergenic DNA with preferred Site 1 and Site 2 underlined. The identified palindromes are in red. (C) 1.43 mM XdhR. The entire intergenic
region is shown. The translational start of xdhA is defined as position 1. The transcriptional start sites are indicated by arrows at positions 19
(xdhA) and 171 (xdhR). Asterisks mark every 10 bp in (A) and (B) and every 50 bp in (C). The underlined regions are the XdhR protected
sites. Colours shown online.

automated capillary sequencer was used to separate
the digested fragments and the fragments were analysed using GeneMapper software; protected sequences
were identified by comparison to dideoxy cycle sequencing reactions performed with the same 6-FAM-labelled
primer. XdhR caused altered DNaseI cleavage patterns
across a region just upstream of the transcriptional start
of the XdhR gene, spanning from 96 to 152 bp relative
to the translational start of the xdhA gene defined as
position 1 (Fig. 5). This region appears to represent two
adjacent XdhR operator sites; a preferred Site 1 showing protection from positions 128 to 149, a site that
overlaps the identified 18 bp palindromic sequence, with
protection followed by a hypersensitive site 7 bp downstream of the palindrome. An adjacent Site 2 showed
partial protection at lower protein concentration (Fig. 5A)
and complete protection when the protein concentration
was doubled (from 0.14 to 0.29 mM; Fig. 5B). Site 2 pro-

tection spanned positions 98 to 119, and the protection
was immediately followed by another hypersensitive site,
also 7 bp downstream of an 18 bp sequence that
vaguely resembles the Site 1 palindrome. That protection of Site 2 gradually increased with increasing protein
concentration suggests that a second XdhR is recruited.
Sites 1 and 2 are immediately upstream of the xdhR
transcriptional start at position 171 (Fig. 5C, arrow), consistent with XdhR repressing transcription of xdhR.
When the protein concentration was increased 10-fold
(to 1.43 mM), a partially protected area appeared, spanning a wide region that includes the transcriptional (position 19, indicated by arrow) and translational (defined as
position 1) start sites of the xdhA gene (Fig. 5C). Consistent with additional regions of DNA protection at a
greater ratio of XdhR:DNA, a third complex was
detected in EMSAs at higher protein concentrations
(supporting information Fig. S3), with both observations
C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
V
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Table 1. IC50 and Ki of ligands that attenuate DNA–XdhR binding.
Ligand

IC50 (mM)

Ki (mM)

ppGpp

2.1 6 0.6
0.6 6 0.1
3.5 6 0.3
20.2 6 2.3
25.6 6 4.8

0.5 6 0.1
0.2 6 0.0
1.7 6 0.1
10.0 6 1.1
6.461.2

GTP
GMP
Xanthine

Ki values of XdhR ligands calculated based on measured IC50
assuming competitive inhibition of DNA binding. For ppGpp, IC50
for disruption of one (0.6) or both (2.1) complexes reported. Values
are mean 6 SD of two experiments.

Fig. 6. Attenuation of XdhR–DNA binding by ligands. The first
lane of each gel has DNA only. Remaining reactions contained a
constant protein concentration: (A, D) 1.5 nM; (B, C) 0.5 nM.
A. Increasing concentrations of xanthine (0–30 mM).
B. Increasing concentrations of GMP (0–20 mM).
C. Increasing concentrations of GTP (0–6 mM).
D. Increasing concentrations of ppGpp (0–5 mM).
E. Percent complex as a function of ppGpp concentration; filled
squares, disruption of both complexes; open squares, disruption of
Complex 2 only.

indicating lower-affinity binding to this site. We also verified XdhR binding to the individual operator sites identified by footprinting; EMSA with 42 bp DNA constructs
representing the 18 bp palindromic sequences flanked
by 12 bp on either side revealed a single complex and
equivalent affinity for Sites 1 and 2 (Kd 5 0.4 6 0.1 nM
and 0.4 6 0.1 nM, respectively; supporting information
Fig. S4). Evidently, the affinity of XdhR for each operator
site is identical. This suggests that preferential protection of Site 1 is due to the previously noted negative cooperativity of binding.

XdhR binding to intergenic DNA is attenuated by ppGpp
Xdh participates in the purine metabolic pathway (Fig.
1A). Considering that it is very common for transcriptional regulators that control expression of genes encoding metabolic enzymes to respond to intermediates in
the corresponding metabolic pathways, we examined
the ability of compounds associated with purine metabolism to function as ligands for XdhR. GTP, GDP, GMP,
guanosine, xanthine, hypoxanthine, urate and adenine
were used in EMSA in order to observe their effect on
DNA–protein binding. The ligands GTP, GDP, GMP and
xanthine dissociated the DNA–protein binding complex,
GDP, GMP and xanthine only very modestly so (Fig.
6A–C and supporting information Fig. S5), whereas no
C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
V

effect of guanosine, hypoxanthine, urate or adenine was
observed (data not shown). The IC50 of GTP was
3.5 6 0.3 mM, for GMP IC50 was 20.2 6 2.3 mM and
xanthine inhibited complex formation with an IC50 of
25.6 6 0.4 mM (Fig. 6 and Table 1). For GDP, the reduction in complex formation was too subtle to allow confident fitting and estimation of IC50. We note that the
effect of xanthine was estimated in high ionic strength
buffer (0.5 mM Tris), precluding a direct comparison with
the other ligands. This caveat notwithstanding, our data
suggest that the substrates for Xdh, hypoxanthine and
xanthine are unlikely to serve as ligands for XdhR and
as inducers of xdhABC gene expression in vivo.
Based on the observation that the oxidants H2O2,
cumene hydroperoxide and tert-butyl hydroperoxide
induced disulphide bond formation between XdhR transdimers in vitro (Fig. 2A), we examined binding of XdhR
to its cognate DNA after oxidation. EMSA showed that
complex formation with oxidized XdhR was only very
modestly attenuated (data not shown). This suggests
that XdhR functions to repress xdhABC regardless of
redox state.
Considering that GTP was most efficient at attenuating DNA binding by XdhR, with no effect of guanosine
and a very modest effect of GDP and GMP, we surmised that a highly phosphorylated ligand is preferred.
Secondly, given the previous observation that xdhABC
is up-regulated during stationary phase when GTP levels are reduced, we also reasoned that GTP cannot be
the preferred, physiologically relevant ligand during stationary phase. We therefore wondered if (p)ppGpp might
serve as a ligand for XdhR; (p)ppGpp structurally
resembles GTP, and it has been documented that it
accumulates during stationary phase in S. coelicolor
while GTP pools decrease (Ochi, 1987; Strauch et al.,
1991). Notably, we found that ppGpp attenuated XdhR–
DNA complex formation modestly better than GTP with
an IC50 of 2.1 6 0.6 mM (noting that a higher protein
concentration was used for this measurement, in which
IC50 reflects dissociation of both Complex 1 and Complex 2; the IC50 for attenuation of Complex 2 only was
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Fig. 7. Intrinsic tryptophan fluorescence of XdhR titrated with GTP.
A. Fluorescence emission spectrum of XdhR (filled circles) and XdhR incubated with 10 lM (dash), 75 lM (triangle), or 200 lM (diamond)
GTP; fluorescence was corrected for inner filter effect as described in Experimental procedures.
B. Change in fluorescence emission at 338 nm as a function of [GTP].

0.6 6 0.1 mM; Fig. 6E). That ppGpp attenuated complex
formation much more efficiently than GDP also indicates
that a 30 -phosphate is important for interaction with
XdhR. The ligands GTP and ppGpp are not competitive
inhibitors in the classical sense, as they are not predicted to bind the same site as DNA. Instead, GTP and
ppGpp are allosteric ligands that elicit a conformational
change that precludes DNA binding. Since IC50 depends
on experimental conditions, we calculated apparent inhibition constants (Ki) based on the measured IC50 values
for the XdhR ligands (Table 1). Apparent Ki values
reflect most efficient inhibition of DNA binding by ppGpp
(Ki 5 0.5 mM for dissociation of both Complex 1 and
Complex 2), with GTP (Ki 5 1.7 mM) being more efficient than GMP (Ki 5 10.0 mM).
To estimate the affinity of GTP for XdhR directly, we
used intrinsic tryptophan fluorescence. XdhR has three
Trp residues per monomer, all within the ligand-binding
and dimerisation domain, and it has a fluorescence
spectrum characterized by an emission maximum at
338 nm (Fig. 7A). Titration of protein with GTP resulted
in a concentration-dependent increase in fluorescence,
reflecting an altered environment of the fluorophores on
ligand binding. Plotting the increase in fluorescence at
338 nm as a function of GTP concentration yielded an
apparent Kd of 5.2 6 2.9 lM and nH 5 0.1 6 0.0, reflecting negative co-operativity of binding (Fig. 7B). By contrast, titration of XdhR with hypoxanthine, which has no
effect on DNA binding, did not elicit an increase in fluorescence at 10–200 lM ligand, only a modest decrease
that was not concentration-dependent (supporting information Fig. S6).

In vivo regulation of the xdhABC gene cluster under
conditions of ppGpp accumulation
Of the ligands tested in vitro for their ability to attenuate
DNA binding by XdhR, ppGpp was the most efficient.
We therefore wanted to examine expression of the
xdhABC gene cluster under conditions of (p)ppGpp
accumulation. Serine hydroxamate has been used to
mimic amino acid starvation in S. coelicolor by inhibiting
charging of seryl-tRNA synthetase. Its addition has
been shown to lead to a ppGpp accumulation that is
accompanied by a significant decrease in cellular GTP
content, although the increase in cellular ppGpp content
is much lower than that observed during stationary
phase (Strauch et al., 1991; Takano et al., 1992). To
examine if expression of the xdhABC gene cluster is
altered on addition of serine hydroxamate, an exponential phase culture of S. coelicolor was treated with
30 mM serine hydroxamate for 30 min. The hrdB gene
(SCO5820) encoding the principal sigma factor in S.
coelicolor was used as a reference control (Tetsuo
et al., 1991). Approximately 1 mg of RNA was converted
to cDNA, and primers amplifying a region of the xdhB
gene were chosen for semiquantitative PCR. The rpoA
gene (SCO4729), encoding the a-subunit of RNA polymerase, was also used as a control; rpoA is transcribed
as part of an operon containing ribosomal protein genes
(Charaniya et al., 2007) and its expression is expected
to decrease on exposure to serine hydroxamate. Relative to hrdB, expression of xdhB was increased 2-fold,
whereas rpoA expression was reduced after 30 min
incubation with serine hydroxamate (Fig. 8A). This is
consistent with the observation from several bacterial
C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
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Fig. 8. Induction of xdhB expression in exponentially growing S. coelicolor exposed to serine hydroxamate and in stationary phase cells.
A. Change in expression level of xdhB and rpoA in exponentially growing cells exposed to serine hydroxamate for 15 min (SH15; open bars)
or 30 min (SH30; hatched bars) compared to unsupplemented exponential phase culture. The expression of both genes was normalized to the
hrdB transcript level at the respective time points. Amplification of target regions from the xdhB gene and the rpoA gene using cDNA
templates obtained from unsupplemented exponential phase cultures (EP) and serine hydroxamate (SH)-treated exponential phase cultures
shown below the graph. Gels were stained with ethidium bromide.
B. Fold change in the expression level of xdhB in stationary phase relative to exponential phase cells. Lower panel shows amplification of
target regions from the xdhB gene and the rpoA gene using cDNA templates obtained from unsupplemented exponential phase cultures (EP)
and stationary phase cultures (SP). Gels were stained with ethidium bromide.

species that rpoA expression is reduced when the stringent response is induced either by entry into stationary
phase or by addition of serine hydroxamate or norvaline
that mimic specific amino acid starvation (Chang et al.,
2002; Eymann et al., 2002; Brockmann-Gretza and Kalinowski, 2006; Kazmierczak et al., 2009), and it confirms
that serine hydroxamate addition resulted in (p)ppGpp
synthesis.
It was previously reported that expression of xdhA in
surface-grown S. coelicolor cultures varies with morphological development, peaking at times coinciding with aerial hyphae formation (Hillerich and Westpheling, 2008). A
comparison of gene expression in exponential phase and
stationary phase cultures revealed that the xdhB gene
expression was increased 27.2 6 5.6 fold (Fig. 8B) during
stationary phase (48 h) compared to its expression during
exponential phase. That rpoA expression did not appear
reduced in stationary phase may be a consequence of
having saturated the amplification. Nutritional starvation,
a hallmark of stationary phase, induces the stringent
response due to the accumulation of (p)ppGpp (Ochi,
1987; Strauch et al., 1991). The observed increase in
xdhB expression during stationary phase is therefore consistent with (p)ppGpp being an inducer of xdhABC gene
expression. Stationary phase is also associated with production of reactive oxygen species. However, consistent
C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
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with the observation that oxidized XdhR remained bound
to its cognate DNA, exposure of cultures to H2O2 for 30
min did not result in any significant change in the expression of the xdhB gene (data not shown).

Expression of xdhABC is decreased in cells exposed to
the Xdh inhibitor allopurinol
Genes encoding Xdh are up-regulated during the stringent response in S. coelicolor and S. meliloti (Hillerich
and Westpheling, 2008; Krol and Becker, 2011). It has
also been reported that inactivation of an enzyme in the
purine salvage pathway in the human pathogen L. monocytogenes resulted in failure to accumulate (p)ppGpp,
suggesting that purine salvage pathways are essential for
(p)ppGpp production (Taylor et al., 2002). This is consistent with inferences derived from analyses in E. coli that
Xdh biases purine salvage towards GMP (and hence
GDP and GTP, the substrates for (p)ppGpp synthetases;
Fig. 1A) and away from AMP (Xi et al., 2000). We therefore reasoned that inhibition of Xdh might attenuate GTP
(and (p)ppGpp) production, which in turn should lead to
reduced xdhABC expression. We investigated the expression of xdhABC upon treatment with allopurinol, which is
oxidized by Xdh to alloxanthine (oxypurinol) that in turn
acts as a tight binding inhibitor of the enzyme (Truglio
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Fig. 9. Expression of xdhB upon allopurinol treatment.
A. Change in xdhB transcript levels upon treating exponentially
growing S. coelicolor cells with allopurinol (10 mM for 30 min).
Mean and SD were obtained from three experiments.
B. Agarose gels showing amplification of targets from the xdhB
gene and the rpoA gene in unsupplemented exponential phase
culture (EP) and allopurinol-supplemented exponential phase
culture (AP). Gels were stained with ethidium bromide.

et al., 2002). Streptomyces coelicolor cells were grown
until exponential phase and treated with allopurinol for 30
min. RNA was isolated and the transcript level of the
xdhB gene was monitored using semiquantitative PCR.
Our results revealed that the xdhB gene was downregulated 6.7-fold compared to its expression during
exponential phase (Fig. 9). Evidently, interfering with the
purine salvage pathway resulted in significant repression
of xdhABC, an outcome that would be expected if the
inducer of xdhABC expression (the ligand for XdhR) were
unavailable. The reported requirement for purine salvage
pathways for (p)ppGpp production would be consistent
with reduced cellular levels of GTP and (p)ppGpp under
conditions of reduced Xdh activity.

Expression of xdhB correlates with (p)ppGpp
accumulation
The level of (p)ppGpp in vivo under various experimental conditions was assessed using thin layer chromatog-

raphy. In exponentially growing S. coelicolor cells
treated with serine hydroxamate, the expected accumulation of (p)ppGpp was seen (Fig. 10A). Similarly, accumulation of (p)ppGpp was confirmed during stationary
phase (Fig. 10B). Examination of levels of pppGpp and
ppGpp also suggests that serine hydroxamate induced a
lower level of pppGpp (10% of total (p)ppGpp) compared to stationary phase, in which 30% of total
(p)ppGpp is pppGpp. By contrast, the level of (p)ppGpp
was reduced in cells treated with 10 mM allopurinol for
30 min compared to cells to which the solvent 0.4 M
NaOH was added (Fig. 10C).

Discussion
XdhR binds preferentially to the xdhR gene promoter
TetR family proteins typically function as homodimers in
which each monomer contributes a helix-turn-helix DNAbinding domain. This binding mode entails interaction of
DNA recognition helices with consecutive DNA major
grooves as exemplified for E. coli TetR, which regulates
expression of a gene encoding a tetracycline efflux
pump. Binding of the allosteric ligand tetracycline results
in a movement of helix 4 that creates a greater separation between DNA-binding domains that is incompatible
with DNA binding (Orth et al., 2000). While proteins
such as E. coli TetR bind 15–17 bp cognate sites as a
dimer, several TetR proteins bind DNA as a dimer of
dimers. One example is S. aureus QacR, which binds a
longer 28 bp cognate site with two dimers docking to
opposite faces of the DNA duplex. In absence of DNA,
QacR exists as a dimer, and even when bound to DNA,
there are no direct contacts between individual dimers
(Schumacher, 2002). Considering the identification of 18
Fig. 10. Thin layer chromatography
showing accumulation of (p)ppGpp.
Cells were grown in modified minimal
media.
A. Unsupplemented exponential phase
culture (lane 1) and after serine
hydroxamate treatment (30 mM; lane 2).
B. Exponential (24 h; lane 1) and
stationary phase (96 h; lane 2).
C. Exponential phase culture
supplemented with NaOH (lane 1) and
allopurinol (10 mM dissolved in NaOH;
lane 2).
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bp palindromic sequences in the xdhABC–xdhR intergenic region and the extent of the footprint, we find it
most likely that the XdhR binding mode resembles that
of E. coli TetR, with one XdhR dimer binding the DNA
and the trans-dimer ‘piggybacking’ and not participating
in DNA binding. In addition, the identified association of
QacR dimers on opposite faces of the DNA, and the
existence of QacR as a dimer in absence of DNA, does
not correspond to the observed XdhR tetramer; the predicted location of cysteine residues and the formation of
disulphide-bonded trans-dimers argues against a tetramer in which dimers associate with opposing DNAbinding domains. That XdhR oxidation does not significantly affect DNA binding is also consistent with this
interpretation (i.e., cross-linking of dimers with opposing
DNA-binding domains would be expected to prevent
DNA binding). A possible association of two XdhR
dimers in which cysteine residues from subunits in
trans-dimers are in close apposition is shown in Fig. 3C
in which adjacent dimers associate with their DNAbinding faces in the same direction (facing the back),
but off-set sideways such that only one dimer can bind
a single DNA duplex. We also note that binding of a single TetR dimer introduces more significant DNA bending, while TetR proteins that bind as a dimer of dimer to
opposite faces of the duplex generally introduce more
subtle DNA bends (Orth et al., 2000; Schumacher et al.,
2002; Miller et al., 2010; Le et al., 2011); the pronounced hypersensitive site induced on XdhR binding
suggests DNA bending or distortion. While available
data suggest that XdhR exists as a tetramer, we note
that the concentrations of protein at which oligomerisation is determined are much higher than those used in
DNA-binding assays, and that the possibility exists that
tetrameric XdhR dissociates in very dilute solution.
Only P. aeruginosa MexL was reported to exist as a stable tetramer in absence of DNA, and DNaseI footprinting
revealed the concerted protection of an approximately 60
bp region, suggesting side-by-side binding of two MexL
dimers (Chuanchuen et al., 2005). The TetR protein
EthR, which is implicated in resistance to the antitubercular drug ethionamide, negatively regulates expression of
ethA, which encodes a monooxygenase responsible for
activating ethionamide. EthR was found to bind DNA as a
homooctamer, with DNA being required for oligomerisation (Engohang-Ndong et al., 2004). DNA protection suggested two adjacent cognate sites; EthR may therefore
bind each cognate site as a tetramer (akin to the binding
mode observed for QacR), with further DNA-dependent
protein–protein interactions favouring co-operative binding of an adjacent tetramer. By contrast, XdhR protects
its preferred site in the xdhR gene promoter in a stepwise fashion, suggesting that Site 1 corresponds to a preferred site. Since XdhR has equivalent affinity for Sites 1
C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
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and 2, each site would initially have an equal probability
of binding XdhR; that we observe preferential protection
of Site 1 may be due to the previously observed negative
co-operativity of binding. Assuming that an XdhR dimer
binds each palindrome with the ‘piggybacked’ dimer
imposing asymmetry, and since both palindromes are
also asymmetrical, we propose that binding of XdhR to
Site 1 renders binding of a second XdhR binding to Site 2
less favourable, whereas binding of XdhR to Site 2 still
allows a second XdhR access to Site 1. This scenario
would rationalize both the observed negative cooperativity and the preferred protection of Site 1. The 32
bp distance between the centres of the Site 1 and Site 2
palindromes suggests that two XdhR tetramers bind on
the same face of the DNA duplex, an inference that is
also supported by the symmetrical induction of hypersensitive sites downstream of each protected region (Fig. 5).
XdhR represses its own expression (Hillerich and
Westpheling, 2008), and the location of preferred Sites 1
and 2 in the xdhR gene promoter is consistent with XdhR
repressing expression by preventing RNA polymerase
binding to the promoter. This site, however, is 75 bp
upstream of the transcriptional start site of xdhABC, and
XdhR binding to this site would not be consistent with
repression of xdhABC expression. With increasing protein
concentration, an extended region upstream of the preferred Sites 1 and 2 is protected that overlaps the transcription and translation start sites of xdhABC (Fig. 5C).
The observation that XdhR-mediated protection spreads
only in one direction relative to the preferred Site 1 offers
a possible rationale for XdhR existing as a tetramer. If
XdhR bound as a symmetrical homodimer, directed
accretion of additional protein dimers would require the
presence of cognate DNA sites, whereas the formation of
a tetrameric protein assembly would break the symmetry
and permit recruitment of XdhR only upstream of the preferred site. Alternatively, it is tempting to speculate that
DNA looping in vivo may result in tetrameric XdhR simultaneously binding cognate sites in both xdhABC and
xdhR promoters; such looping would require the assistance of a DNA-bending protein such as HU [akin to formation of the Gal repressosome (Roy et al., 2005)]. DNA
looping would increase the local concentration of XdhR at
the xdhABC promoter and perhaps explain the failure of
XdhR expressed in trans to rescue the xdhRD phenotype
(Hillerich and Westpheling, 2008), and it would facilitate
concerted regulation of xdhABC and xdhR genes.

XdhR ligand accumulates during stationary phase
Xdh is required for purine salvage pathways regardless
of growth phase. Since the reaction catalysed by Xdh is
considered to be the rate-limiting step in purine salvage
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(de Lamirande et al., 1958), up-regulation of xdh would
be expected to promote this pathway. It was previously
observed that expression of the S. coelicolor xdhA and
xdhR genes is low at 24 h, then gradually increases and
peaks around 48 h in cells grown on solid MYM agar,
corresponding to morphological development and formation of aerial hyphae (Hillerich and Westpheling, 2008).
It was further reported that xdhA expression is constitutive in the xdhRD strain, indicating that XdhR is responsible for mediating the differential expression during
exponential and stationary phase and that xdhABC
expression is unlikely to be regulated by other transcription factors under these conditions. Consistent with this
observation, we found that xdhB expression is increased
27-fold during stationary phase in liquid culture compared to its expression during exponential phase (Fig.
8B). These observations clearly indicate that the ligand
for XdhR and the inducer of xdhABC expression accumulates in stationary phase.

The signalling molecule ppGpp is a ligand for XdhR
In S. coelicolor, morphological differentiation in surfacegrown cultures and progression to stationary phase in
liquid media is linked to secondary metabolism and to
the production of the diffusible messenger (p)ppGpp.
The correlation between timings of (p)ppGpp production
and xdhABC expression motivated an analysis of the
interaction between ppGpp and XdhR. Consistent with
the interpretation that ppGpp is a ligand for XdhR, we
find that DNA binding is attenuated in vitro in the presence of ppGpp. Cellular accumulation of ppGpp in
Streptomycetes has been reported to reach 500 pmol
mg21 dry weight (Ochi, 1987; Chakraburtty and Bibb,
1997; Hesketh et al., 2007). E. coli accumulates mM
concentrations of ppGpp during the stringent response,
and estimates based on cell volume and mass suggest
that 1 mM ppGpp corresponds to 3000 pmol mg21 dry
weight (Cashel, 1975; Riesenberg et al., 1984). The
mass of the average S. coelicolor cell is not known,
mainly because it is difficult to define dimensions of a
cell that propagates by filamentous growth. Assuming
comparable volumes, S. coelicolor may accumulate
lower levels of (p)ppGpp compared to E. coli, although it
has also been suggested that local concentrations may
be higher (Riesenberg et al., 1984; Gatewood and
Jones, 2010). These considerations suggest that an
apparent Ki of 0.2–0.5 mM for ppGpp is physiologically
relevant (Table 1).
XdhR exists as a tetramer to which ligand binds to multiple allosteric sites with negative co-operativity (Fig. 7). For
the dimeric TetR, ligand binding at both sites was shown
to produce a conformation that is incompatible with DNA

binding (Orth et al., 1999). Ligand binding was also suggested to result in cooperative folding of both DNAbinding and ligand-binding/dimerisation domains to
secure this conformation, whereas DNA-binding domains
fold independently in the unliganded protein (Reichheld
et al., 2009). Assuming a comparable allosteric mechanism for XdhR, both ligand sites within a cis-dimer may
need to be filled to prevent DNA binding; secondly, if one
XdhR dimer binds DNA with the trans-dimer ‘piggybacking’, ligand binding to one dimer may not necessarily
affect DNA binding by the other, perhaps contributing the
higher apparent Ki for ligand compared to the apparent
Kd. Since XdhR has multiple ligand-binding sites, the
measured apparent Kd is lower than the microscopic Kd
(the affinity for a single site), thus underestimating the
ligand concentration required to produce conformational
changes that lead to reduced affinity for DNA if multiple
sites must be filled. In addition, the potency of allosteric
ligands depend not only on their affinity, but also their ability to effect the necessary conformational changes; GTP
and (p)ppGpp would be expected to interact differently
with the XdhR ligand-binding domain and may therefore
also exhibit differential ability to induce the changes in
conformation or folding that lead to attenuated DNA binding. Regardless, the observed negative co-operativity
suggests a less decisive response to ligand, and instead
that ligand elicits some response over a wider range of
concentrations. XdhR may therefore operate more as a
‘dimmer switch’ than an ‘on/off switch’ in terms of regulation of xdh expression.
In vivo expression of xdhB is up-regulated under conditions of (p)ppGpp accumulation. Serine hydroxamate
induces the stringent response in S. coelicolor by accumulating ppGpp to its highest level within 15 min of its
addition (Strauch et al., 1991). Our results revealed that
xdhB gene expression is increased upon addition of serine hydroxamate when compared to expression of the
hrdB gene, conditions under which rpoA expression is
reduced (Fig. 8A). The latter is consistent with the rpoA
gene being encoded as part of an operon that includes
ribosomal protein genes and with the significant repression of ribosomal protein gene expression observed in
several bacterial species during the stringent response
(Strauch et al., 1991; Chang et al., 2002; Eymann et al.,
2002; Brockmann-Gretza and Kalinowski, 2006; Kazmierczak et al., 2009). Notably, accumulation of ppGpp
was reported to be 5-fold higher during stationary
phase than during a stringent response initiated by addition of serine hydroxamate (Strauch et al., 1991). This is
in accord with our finding that the expression of xdhB is
greater during stationary phase compared to treatment
with serine hydroxamate (Fig. 8).
Proteins that are direct targets for ppGpp include cellular GTPases, metabolic proteins involved in nucleotide
C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
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and lipid metabolism and PLP-dependent basic aliphatic
amino acid decarboxylases. In most instances, the binding of ppGpp causes enzyme inhibition. Most of the
GTPases that are potential binding targets of ppGpp
bind better to GTP than ppGpp in order to make the
inhibitory effect of ppGpp reversible (Kanjee et al.,
2012). This is in contrast to XdhR, for which GTP and
ppGpp appear to serve equivalent roles. Although
increased ppGpp levels lead to expression of genes
under the control of CodY protein in Bacillus subtilis,
this regulation was attributed to the decrease in the
GTP pool (Geiger and Wolz, 2014). FadR is a transcriptional repressor that binds ppGpp, however, in this case
ppGpp/DksA function to inhibit FadR-activated promoters encoding proteins involved in fatty acid synthesis
in E. coli (My et al., 2013). Although several proteins
have been found to bind ppGpp, there are no examples
so far of direct binding of ppGpp to a transcriptional
repressor serving to induce gene activity. Our data suggest that ppGpp binds to XdhR and thereby relieves its
repression of the xdhABC gene cluster.

Regulation of xdhABC links purine salvage pathways to
cellular GTP levels during the stringent response
Regulating expression of genes encoding enzymes of
the purine metabolic pathway by regulators that respond
to pathway intermediate is not uncommon. For example,
Deinococcus radiodurans contains divergently oriented
genes encoding uricase and the transcriptional regulator
HucR, with HucR tightly controlling uricase gene expression; upon binding of urate to HucR, derepression of the
divergently oriented genes is observed (Wilkinson and
Grove, 2004). In E. coli, guanine and hypoxanthine function as corepressors of the purine repressor PurR to
repress the pur operon (Meng and Nygaard, 1990).
However, we found no evidence for Xdh substrates or
their precursors significantly affecting DNA binding by
XdhR. This suggests that xdhABC activity is not regulated simply to ensure degradation of excess purines.
While ppGpp most efficiently attenuates DNA binding
by XdhR, GTP also reduces DNA binding. During exponential growth, cellular levels of GTP reach mM concentrations, whereas (p)ppGpp levels are almost negligible.
By contrast, entry into stationary phase is associated
with a significant reduction in GTP concentrations as
(p)ppGpp levels increase (Ochi, 1987; Strauch et al.,
1991; Kriel et al., 2012; Gaca et al., 2013). The
observed apparent Ki for GTP of 1.7 mM is therefore
physiologically relevant during exponential growth. As
noted above, however, the significantly increased xdhB
expression in stationary phase argues against GTP
serving as the primary ligand under these conditions. It
C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
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is therefore conceivable that GTP functions as an XdhR
ligand during exponential phase growth to induce basal
levels of xdhABC expression and maintain a functional
purine salvage pathway. When (p)ppGpp accumulates
during the stringent response and GTP levels are
reduced, the higher-affinity ligand more efficiently induces xdhABC expression. Considering that GTP attenuates DNA binding much more efficiently than GDP,
suggesting that the presence of a 50 -triphosphate
enhances affinity, we also entertain the possibility that
pppGpp may induce gene expression more efficiently
than ppGpp.
GTP is the substrate for (p)ppGpp synthetases,
rationalizing the role of purine salvage pathways in sustaining (p)ppGpp synthesis. Allopurinol is widely used
for inhibiting Xdh, including bacterial homologs (Truglio
et al., 2002). Therefore, inhibiting this enzyme would be
expected to attenuate purine salvage and in turn GTP
production. Consistent with a role for GTP as an XdhR
ligand during exponential phase, we observed significant
repression of xdhB gene activity on addition of allopurinol (Fig. 9). Taken together, our data suggest that the
purine salvage pathway is required to maintain the GTP
pool during both exponential and stationary phase.
The roles of (p)ppGpp in regulating gene activity have
been extensively characterized in E. coli, where the alarmone has multiple direct targets. However, in Gram positive bacteria, (p)ppGpp may function indirectly by
inhibiting enzymes required for GTP synthesis, thereby
controlling GTP homeostasis. For example, B. subtilis
that is deficient in (p)ppGpp synthesis experiences perturbed GTP homeostasis and may suffer a rise in intracellular GTP that leads to cell death (Kriel et al., 2012).
Similarly, GTP dysregulation as a result of failure to produce (p)ppGpp was reported in Enterococcus faecalis
(Gaca et al., 2013). It was also observed that deletion of
S. coelicolor xdhR results not only in constitutive xdhA
expression, but in a bld phenotype, proposed to be due
to abnormal GTP levels (Hillerich and Westpheling,
2008). Xdh activity is required for purine salvage pathways, and it biases the pathway towards formation of
guanine (Xi et al., 2000). The significant up-regulation of
S. coelicolor xdhABC during the stringent response may
therefore serve to ensure that sufficient GTP is available
for continued (p)ppGpp synthesis and to maintain GTP
homeostasis. Since GTP is also the precursor to the
intracellular second messenger cyclic diguanosine
monophosphate (c-di-GMP), which has been implicated
in morphological development in S. coelicolor (Tran
et al., 2011), a contribution of c-di-GMP to XdhRmediated regulation of xdhABC is also conceivable.
However, this ligand lacks the 50 -triphosphate, which
appears to confer high-affinity binding to XdhR.
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Conclusion
Streptomyces coelicolor XdhR is the first transcriptional
repressor shown to bind to either GTP or ppGpp to
cause attenuated DNA-binding in vitro and depression
of gene activity in vivo. We propose that during exponential growth, GTP elicits basal levels of xdhABC
expression, while accumulation of the higher-affinity
ligand (p)ppGpp during the stringent response results in
significant up-regulation. The depletion of GTP as a consequence of (p)ppGpp synthesis rationalizes the need
to promote the purine salvage pathway; our data reinforce the link between purine salvage and GTP homeostasis and implicate both GTP and (p)ppGpp in
promoting this pathway.

Experimental procedures
Cloning and protein purification
The open reading frame corresponding to SCO1135 was
amplified from S. coelicolor A3(2) M145 genomic DNA using
primers FP 50 -AATAGTCATATGCCGCAGCCGAAGAAGGA30 and RP 50 -CTTGTACTCGAGTCACCGGCCCGGA-30
(restriction sites underlined). The purified PCR product was
digested and cloned into pET28b between NdeI and XhoI
restriction sites such that an N-terminal His6-tag is introduced, and the recombinant plasmid was transformed into E.
coli TOP10 cells. The construct was confirmed by sequencing
and plasmid was transformed into E. coli BL21(DE3) for overexpression. Overexpression of XdhR was accomplished by
growing cells in LB containing 30 mg ml21 kanamycin and
inducing expression with 1 mM isopropyl-b-D-1thiogalactopyranoside for 5 h. The cells were pelleted and
stored at 2808C. The cells were thawed on ice and suspended in lysis buffer (20 mM sodium phosphate pH 8.0,
150 mM sodium chloride, 5% glycerol, 0.15 mM phenylmethylsulfonyl fluoride (PMSF) and 10 mM b-mercaptoethanol)
and lysozyme was added to 200 mg ml21. The cell pellets
were incubated on ice for 30 min and the cells were lysed by
sonication (five cycles with 20 s intervals). The sonication
step was carried out on ice. The lysate was centrifuged at
158000 r.p.m. for 1 h and the supernatant was mixed with 1 ml
of HIS Select Nickel affinity gel. The His6-tagged protein was
purified according to the manufacturer’s instructions (Sigma).
The salt was removed by buffer exchange using the storage
buffer (20 mM sodium phosphate pH 8.0, 150 mM NaCl, 20%
glycerol, 0.15 mM PMSF and 10 mM b-mercaptoethanol) and
the protein was concentrated using 10K centrifugal filter units
(Millipore). The protein concentration was estimated using
MicroBCA protein assay kit. For protein oxidation, 30 mM
XdhR was mixed with 8.3 mM DTT and incubated for 10 min
to reduce the dimers to monomers and then 15 mM of each
oxidant was mixed with the protein and incubated for 10 min
before analysis by SDS–PAGE.

Gel filtration
The purified His6-tagged protein (in buffer containing
10 mM b-mercaptoethanol) was run on a Superose column

(GE Healthcare) that was equilibrated with buffer pH 8.0
(50 mM Tris and 150 mM NaCl) using a fast protein liquid
chromatography system. Gel filtration standards [b-amylase
(200 kDa), alcohol dehydrogenase (150 kDa), bovine serum
albumin (66 kDa), carbonic anhydrase (29 kDa) and cytochrome C (12.4 kDa); Sigma] were run on the column and
elution volumes were plotted to obtain the standard curve.
The elution profile of XdhR was verified using two separate
protein preparations.

Circular dichroism spectroscopy
A far-UV circular dichroism spectrum of XdhR was measured using a Jasco J-815 circular dichroism spectrometer
(Jasco, Inc). Approximately 0.2 mg ml21 of XdhR was prepared in a dilution buffer of 50 mM sodium phosphate (pH
8.0), 100 mM NaCl and 2.5% glycerol and added to a
quartz cuvette of 0.1 cm path length. Ellipticity measurements in triplicate were taken over a wavelength range of
190–250 nm at 1 nM steps. The data obtained from the
buffer were subtracted from that of the protein. Secondary
structure composition was calculated from Dichroweb
(Whitmore and Wallace, 2004, 2008) using K2d analysis
program, and the maximum error was 0.122.

Electrophoretic mobility shift assay
The intergenic region between the xdhABC gene cluster
and the xdhR gene was amplified by PCR using primers
Strepintergenic-FP 50 -AGCCTTCTTTGGTGTCTGGA-30 and
Strepintergenic-RP 50 -GACCTTGCTAAGCGGACAAC-30 to
generate a 152 bp product. Synthetic oligonucleotides representing the 18 bp palindromic sequences flanked by 12 nt
on either side were purchased and purified by denaturing
gel electrophoresis. Equimolar amounts of complementary
oligonucleotides were heated to 908C in TE containing
50 mM NaCl and annealed by slow cooling to room temperature. The DNA was labelled with g-32P-ATP using T4 polynucleotide kinase. The labelled product (0.05 nM) was
incubated with increasing concentrations of XdhR in binding
buffer [25 mM Tris (pH 8.0), 100 mM NaCl, 1 mM EDTA,
0.05% Brij58, 5 mM DTT and 2% glycerol] for 20 min. The
samples were run on 8% polyacrylamide gels [39:1 (w/w)
acrylamide:bisacrylamide] with 0.53 Tris Borate EDTA
(45 mM Tris–borate, 1 mM EDTA; TBE) running buffer for
1 h at 100 V after prerunning the gels for 30 min at room
temperature. The gels were dried and exposed to phosphor
screens. The image was scanned using Storm 840 scanner
(GE Healthcare) and the quantifications were performed
using ImageQuant 5.1 software. The region on the gels
between complex and free DNA were considered as complex to account for complex dissociation during electrophoresis. The plots were created using KaleidaGraph software
and the data were fitted to the Hill equation f 5 fmax*[X]nH/
(Kd 1 [X]nH) where f is fractional saturation, nH is Hill coefficient; Kd is the apparent dissociation constant reflecting
half-maximal saturation of the DNA, and X is the protein
concentration. For binding to 42 bp DNA containing a single
site, data were fitted to a single-site-binding isotherm
(nH 5 1). Results are represented as mean 6 SD of two
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replicates. Specificity of XdhR binding was assessed by
titrating binding reactions with increasing concentrations of
either nonspecific plasmid pRAD1 (6.3 kb) or specific unlabelled 152 bp DNA.
To determine the effect of ligands, increasing concentration of ligands ppGpp (TriLink), GTP, GDP and GMP were
used in individual experiments using the buffers described
above. When xanthine, hypoxanthine, adenine, guanosine
and urate were used as ligands for the binding assays,
500 mM Tris pH 8.0 was used in the binding buffer to avoid
pH changes upon adding these ligands, which were dissolved in 0.4 N NaOH. Protein was added at the end to the
mixed intergenic DNA and the ligands and the mixture was
incubated for 20 min before loading onto the gel. The gel
was run and processed as described above. IC50 was calculated as the concentration of the ligand at which 50% of
complex formation is inhibited. This was calculated using
the equation f 5 A 1 B 3 e2kL, where f is fractional saturation, k is the decay constant, L is ligand concentration, A is
the saturation plateau and B is the decay amplitude. Inhibition constants (Ki) were calculated according to Ki 5 IC50/
([DNA]50/Kd 1 [XdhR]0/Kd 1 1) where [DNA]50 is the concentration of DNA at 50% inhibition and [XdhR]0 is the protein
concentration at 0% inhibition (Cer et al., 2009). Experiments were performed at least in duplicate.

Intrinsic tryptophan fluorescence
XdhR (0.03 mg ml21) was suspended in buffer [40 mM
Tris–HCl pH 8.0, 0.2 mM EDTA, 0.1% (w/v) Brij58, 100 mM
NaCl and 10 mM MgCl2]. Using a Jasco FP6300 spectrofluorimeter, the protein was excited at 295 nm and the
emission spectra were recorded from 300 to 400 nm using
a 0.5 cm path length cuvette. Protein was incubated with
increasing concentrations of the ligands GTP or hypoxanthine (10–200 mM) for 3 min before measuring the emission
spectra. Buffer without protein was used as a blank. The
absorbance spectra (280–400 nm) of blank, protein, ligand
and protein incubated with ligand were measured simultaneously. The fluorescence intensity was corrected for inner
filter effect using Fcorr(ø) 5 Fc(ø) 3 10(Aex/21Aem/2), where
Fc(ø) is the observed fluorescence and Aex and Aem are the
absorbance at excitation and emission wavelengths respectively (Wilkinson and Grove, 2005). The relative increase in
fluorescence was calculated using I338 5 Fcorr[X]/Fcorr[0] 2 1,
where Fcorr[X] and Fcorr[0] correspond to corrected fluorescence intensities at 338 nm with X and 0 mM ligand concentrations respectively. The data obtained were fitted to the
Hill equation I338 5 [n (1/Kd)nH (L)nH]/[1 1 (1/Kd)nH (L)nH],
where n corresponds to the saturation plateau, L is the
ligand concentration, Kd is the apparent dissociation constant and nH is the Hill coefficient. The results are reported
as mean 6 SD of two independent experiments.

Thermal stability assay
Sypro Orange dye (7.53; Invitrogen) was mixed with 10 mM
XdhR in assay buffer composed of 50 mM NaCl and
50 mM Tris pH 8.0. An Applied Biosystems 7500 real-time
PCR machine was used for measuring the fluorescence
emission. A thermal profile of 5–948C with 18C increments
C 2016 John Wiley & Sons Ltd, Molecular Microbiology, 100, 701–718
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every 40 s was used. A blank without protein was used as
a negative control. The results were analysed using Sigma
Plot 9 and a sigmoidal four-parameter curve fitting was
used to obtain the melting temperature. The results were
from three independent replicates.

RNA isolation and reverse transcriptase assay
S. coelicolor cultures were grown in ISP1 medium for 24 h. Serine hydroxamate (30 mM; Sigma) was added at time zero and
another aliquot after 15 min, after which the cells were incubated
another 15 min. Aliquots of the cell culture were pelleted after 15
and 30 min and the cell pellets were frozen until RNA isolation.
To analyse the effect of Xdh inhibition, allopurinol (10 mM) was
added to a 24 h culture, which was then incubated for 30 min at
288C in a shaker incubator. For comparison of xdh expression in
exponential and stationary phase, unsupplemented exponential
phase cultures were pelleted after 24 h and stationary phase
cultures after 48 h. RNA was isolated from the pelleted cells
using illustra RNAspin Mini kit (GE Healthcare) according to the
manufacturer’s protocol. AMV reverse transcriptase was used
for the preparation of cDNA. One microgram and 600 ng of
RNA were used for cDNA preparation. The xdhB transcripts
were analysed using primers xdh2FP 50 -GCTACTTCACCG
ACCTGAGCAAGC-30 and xdh2RP 50 -GGGACCGTCGAGGG
TTTC-30 , the rpoA transcripts were analysed using primers
rpoAF 50 -AAGCTGGAGATGGAGCTGAC-30 and rpoAR 50 TTGAGAACCGGCGAGTAGAT-30 , and the hrdB transcripts
were analysed using primers SChrdBFP 50 -CGCGGGCTTCG
TGCTGTCC-30 and SChrdBRP 50 -GGACTACCTCAAGCAGAT
CGGCAA-30 . The cDNA generated using specific reverse primers were used as template for all the PCR reactions with initial
denaturation of 948C for 3 min followed by 32 cycles of denaturation at 948C for 30 s; annealing for 30 s at 63.38C (xdhB transcripts), 658C (hrdB transcripts) or 55.48C (rpoA transcripts);
extension for 30 s at 728C and final extension at 728C for 3 min.
The products were run on an agarose gel and the ethidium
bromide-stained DNA bands were quantified using ImageJ software. The results were obtained from three replicates. The
expression of xdhB and rpoA genes after serine hydroxamate
treatment was normalized using hrdB gene expression. The
expression of xdhB gene after allopurinol treatment was normalized using rpoA gene expression.

DNaseI footprinting using automated capillary
sequencing
The intergenic region was amplified using primers SCFP 50 (6-FAM) CCGTTGATGTTCAGGGTGAC-30 and SCRP 50 GTCCGGCTTGTCCTTCTTC-30 (6-FAM denoting 50 -end
labelling with 6-carboxyfluorescein). The protein XdhR was
mixed in increasing concentrations with the labelled DNA
(50 ng) and incubated for 10 min before carrying out the
DNaseI digestion. The digested product was extracted
twice using phenol:chloroform and ethanol precipitated. The
pellet was washed with 70% ethanol and dissolved in 10 ml
formamide. Approximately 1.0 ml digested sample (diluted
in formamide to ensure fluorescence intensity compatible
with the analyser) and 1 ml of the 1:10 diluted LIZ 500
standards (ABI, Life Technologies) were brought to 25 ml
final volume with formamide. An aliquot of 0.05 ng of
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undigested DNA (to maintain fluorescence intensity compatible with the analyser) and 0.2 ng of digested DNA was
used for fragment analysis (Sivapragasam et al., 2015).
The samples were boiled for 3 min and loaded on to the
ABI 3130 analyzer with the default settings of 1.6 kV injection voltage and 15 s injection time. At least duplicates
were run each time. The data were analysed using GeneMapper version 4 (Zianni et al., 2006). The electropherogram traces of digested DNA without protein were overlaid
with those of the digested DNA that was incubated with
protein. The protected region was identified by comparing
the digested fragments with that of products generated
from a Thermosequenase PCR cycle sequencing reaction
using the same 6-FAM-labelled primer and all four dideoxynucleotides in separate tubes.

Determination of (p)ppGpp levels by thin layer
chromatography
S. coelicolor cells were grown for 36 h and diluted 1:5 in
modified MOPS media. Modified MOPS media contained
100 mM MOPS, 10% sucrose, 1% glucose, 2 mM MgSO4,
0.15% casamino acids, 0.5% yeast extract, 0.2% peptone
and 0.5% K2HPO4. Fifty milligram of the amino acids proline, histidine, tryptophan and tyrosine were added to 1 l
buffer. Carrier-free 32P-labelled orthophosphate was added
to the culture, which was grown for 5–6 h. The cells were
then treated with 30 mM serine hydroxamate for 15 min or
with 10 mM allopurinol for 30 min; since allopurinol was dissolved in 0.4 M NaOH, the corresponding control culture
was supplemented with an equal volume of 0.4 M NaOH.
The cells were pelleted and resuspended in 13 M formic
acid. Three to five freeze-thaw cycles were carried out
using a dry ice and ethanol bath. The suspension was kept
on ice for at least 30 min and pelleted at 138000 r.p.m. for
10–15 min. The supernatant was spotted on PEI-cellulose
TLC plates (Sigma–Aldrich). The plates were developed
using 1.5 M KH2PO4 for at least 2 h and dried and exposed
to phosphor screens. The images were scanned using
Storm 840 scanner (GE Healthcare). The migration pattern
of pppGpp, ppGpp and GTP were identified from the Rf
published previously using this buffer system (CalderonFlores et al., 2005). The migration of GTP and GMP was
also verified using purified nucleotides.
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